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Abstract 
Helium ion (He+) gas field ion sources (He-GFIS) is a novel charge particle source technology and has potentially greater 
capabilities than electron beam (e-beam) based tools for certain imaging and nanomachining applications. Primary benefits are 
smaller virtual source size, significantly higher brightness, smaller intrinsic energy spread, and smaller interaction volume within 
the sample being analyzed. Ion microscopes have also been observed to have better capacitive-coupled voltage-contrast imaging 
compared with SEM, allowing the ability to delineate subsurface features. Finally, gas-assisted etching by He+ beams may 
outperform e-beam-based nanomachining applications used for mask repair due to smaller interaction volumes and the benefits 
of the much larger mass He ions. The purpose of our experiments and subsequent publication are to analyze the impact of 
focused He ions on various sample types and to quantify imaging capability to better understand potential applications for this 
technology. Our study focused on two primary areas: 1) Impact of He+ on silicon lattice; and 2) Novel SE imaging for mask and 
semiconductor substrates.  © 2008 Elsevier B.V.
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1. Introduction 
The helium microscope is based on a cold-finger gas field ion source (GFIS) with a single atom emitter.  Like 
previous generations of cold finger-GFIS, the source requires a tungsten emitter cooled to 77 K, a source 
background vacuum of ~5×10-9 Torr, and high electric extraction fields (> 1×10+10 V/m) in the vicinity of the tip [1]. 
The helium is introduced into the source region at a pressure of ~ 1×10-4 Torr. 
 
The primary benefits of single atom emitter GFIS relative to SEM are smaller virtual source size, significantly 
higher brightness, smaller intrinsic energy spread, and smaller interaction volume within the sample being analyzed.  
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This type of GFIS emitter has been explored as a possible replacement technology for Ga+ LMIS and electron 
emitter applications for several decades [2, 3].  However, unlike previous versions, the advances made in the source 
used for these experiments provided far more stable emission and life time properties [4].  Recent data has shown 
source stability exceeding that of the Ga+ LMIS [5].  This new stability data combined with the intrinsic 
performance benefits have resulted in heightened interest in this technology and further exploration of potential 
applications. 
1.1. Microscopy and Metrology Applications:   
Scanning electron microscopy (SEM) is pervasive in the semiconductor industry for various applications both in 
FAB and in lab including imaging of defects, feature dimension analysis, overlay, and final device characterization.  
As dimensions shrink and the integration schemes grow in complexity, the use of inline SEM’s may have limitations 
moving into the 22 nm node [6].  The key areas for concern are surface charging, contamination, and material 
degradation as a result of the electron beam interacting with the sample being analyzed.  In addition, SEM’s will be 
pressed to resolve the features of interest at the necessary precision and resolution that is expected at the 22 nm 
node.  The He-GFIS capabilities could compliment SEM tools moving into the 22 nm node, but the impact to the 
substrate being imaged needs to be comprehended.  SEM’s have limitations, but the technology impact is well noted 
in the industry.   
1.2. Nanomachining Applications: 
Focused Ion Beams (FIB) using gallium LMIS has been the work horse for semiconductor nanomachining 
applications for the last 20 years.  FIB is used for sample preparation for transmission electron microscopy (TEM), 
failure analysis cross sections, circuit level trimming / rewiring and mask repair [7, 8].   However LMIS scaling 
beyond 45nm generation CMOS technology may be impossible due to the limitations in probe size down-scaling, 
current reduction, and the precision requirements on milling resolution.  The spot size limit for Ga LMIS for 
nanomachining applications is ~10nm, with > 7nm resolution at a beam current of ~2pA.  As CMOS process 
geometries scale into the future it is clear that reduction of milling geometry requirements relative to the non-
scalability in spot size, will ultimately result in the end of life for LMIS, unless there is a fundamental breakthrough 
in scaling LMIS to sub 5nm at working distances long enough to enable gas assisted etching and deposition. 
 
Alternative source technology such as e-beam, currently used for mask repair applications, may be a viable 
replacement for Ga+ LMIS and for other nanomachining applications as well.  However, unlike Ga+, where beam 
induced sputter is part of the etch process, e-beam relies purely on beam induced chemical etching and has difficulty 
etching non-volatile materials used in CMOS such as copper.   Thus, He+ GFIS is perhaps a better candidate for 
scaling nanomachining applications due to its relatively large mass compared to e-beam, –although it should be 
noted that He+ alone does not have sufficient mass to sputter most CMOS materials.   
 
2. Damage modeling 
Unlike electron beams, He ion beams are potentially more invasive due to possible substrate damage that may 
occur through momentum exchange between the high energy, relatively large mass He+ and the atomic structure in 
the sample being analyzed (e.g. cascade events, knock-ons, surface sputtering).  The damage mechanisms for He+ 
have not been well explored for the dose and acceleration voltage regimes used in this paper.  However, extensive 
studies have been completed for these conditions for Ga+ where ion damage causes complete amorphization of 
crystalline structures up to 30nm deep.  
 
For comparison purposes we ran SRIM Monte Carlo modeling for both He+ and Ga+ at acceleration voltages of 
5keV to 50keV with a fixed dose of ~5×10+14 ion/cm2 (note the ion dose is based on typical SEM and FIB imaging 
conditions) [9].  We then applied the 2-dimensional SRIM results to a 3D distribution based on projected damage 
depth in order to calculate the damage density.  The table in Fig. 1 shows the dose per pixel assumptions made for 
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these models, the resulting cascade events, and the calculated damage density comparison.  For the 30keV example 
shown in Fig. 1, the damage density comparison is 47X higher for gallium than for helium.  Identical modeling was 
repeated for 5keV to 50keV.  Fig. 2 shows the resulting implant depth and damage density comparisons as a 
function of acceleration voltage.  According the SRIM model, the damage density ratio between helium and gallium 
reduces as the acceleration voltage decreases. 
 
 
            
 
Fig. 1.  SRIM/TRIM Monte Carlo simulation comparison of implant depth and collision events for He+ (left) vs. Ga+ (right) @ 30keV.   
Results show implant defect density is 47X higher for Ga+. 
 
        
Fig. 2.  Ion implant depth (left) and subsequent damage density (right) for Ga+ and He+ in a silicon substrate  
as a function of acceleration voltage. 
Although the SRIM results showed significantly less He induced damage compared to Ga, the damage density 
was still nonetheless an area for concern when considering what impact the ions might have on devices during 
microscopy and metrology applications.  The implant depth is also an area that may be an issue for nanomachining 
close to devices where damage to the device channel and or charge trapping in the gate oxide could lead to device 
threshold voltage shifts. 
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3. Experiment Analysis and Results 
The purpose of these experiments was to analyze the impact of focused He+ on various sample types and to 
quantify imaging capability to better understand the potential applications for this technology.  These experiments 
focused on two primary areas: 1) Impact of He+ on the silicon lattice; 2) Novel SE and RBS imaging for mask and 
semiconductor substrates.   Acceleration voltage for these experiments ranged between 22keV to 24keV, with dose 
ranging between 1×10+14 to 5×10+15 ions/cm2 and imaging currents from 200 fA to 3 pA.    For reference purposes, 
the typical image dose range for He-GFIS microscope is 3×10+14 for fast scans to 3×10+16 for very slow scans (image 
dose data courtesy of Louis Stern, ALIS Corp.).  
3.1. TEM Experiments and Results: 
Multiple sites were dosed using an imagining current of 1 pA and an accelerating voltage of 22 keV.  Total doses 
were between 1×10+14 to 2×10+15 He+/cm2 and are considered larger than necessary for most imaging applications 
with the technique. Controls included sites directly next to the dosed sites (~ 4 microns separating exposed and 
unexposed sites) and sites > 50 microns from exposed areas.  Fig. 3 shows the TEM images of doses at 1.2×10+15 
He+/cm2 and a control with no exposure.  All doses show similar information in the TEM and indicate there is no 
discernable damage from ion implantation during imaging for the dose region explored in the experiments.   
 
 
 
Fig. 3. TEM micrographs show no difference between exposed (A) and unexposed (B) sites. 
The exposed image shown had a dose of 1.2x1015 He+/cm2 at an imaging current of 1 pA and accelerating voltage of 22 KeV. 
Several additional implant experiments were done with varying doses, TEM analysis for those samples show identical results. 
3.2. Imaging Experimental Results: 
The primary focus of these preliminary experiments was not to assess the ultimate resolution of the technique, 
but an initial capture of the resolution was performed on Au-C samples as a reference point for future work.  Fig. 4 
shows a He+ microscope image using secondary electrons for imaging of a Au-C sample.  Using a variety of 
resolution testing techniques, the resolution is estimated to be < 10 nm. 
 
 
A B 
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Fig. 4.  2um FOV image of Au-C sample.  Image analysis shows ~10nm resolution. 
One observation of particular interest was the ion beam induced (IBIC) capacitive-coupled voltage contrast 
sensitivity which the He+ GFIS microscope exhibited (see Fig. 5).  The IBIC effect was able to delineate subtle 
difference on the charge leakage path for contiguous poly-silicon lines as they transitioned from gate oxide to field 
oxide.  Even more impressively, we were also able to delineate the n-well region from the p-well region through 
several hundred nanometers of silicon-oxide.  This voltage contrast sensitivity could be very useful for analyzing 
resistive shorts or finding buried defects with different leakage properties.  In subsequent studies, this will be a key 
focus area of development for analyzing semiconductor failure and material analysis applications. 
 
    
Fig. 5.  He Ion  image of etch poly layer  shows very good   Fig. 6.  Ion image of a 193nm Cr on Glass test mask.  
                 voltage contrast on poly lines and capacitive-coupled    The grains in the Cr layer are resolved. 
                 V-contrast of N-Well 
3.3. Initial results on 193nm optical mask imaging 
The interests in He ion microscope for mask CD metrology lies in the promise that He ion microscopy provides 
high spatial resolution as well as better charging control. Fig. 6 shows the first ion image taken on a Cr on glass 
N-Well 
V-Contrast on poly 
line & NWell
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193nm test mask. The grains in the Cr layer are resolved. Even the spatial resolution in this level is sufficient for 
current mask CD metrology. 
 
 SEM is currently the tool of choice for CD metrology for advanced optical masks. While the spatial resolution of 
SEM is sufficient to meet the requirements, it is the measurement repeatability in terms of precision that presents 
challenges for SEM capability to meet increasing demand of monitoring the expected CD uniformity of <1.3nm for 
the 45nm node and beyond. One of the main contributions to the precision is surface charging on the mask, which 
uses quartz as the substrate [10]. Surface charging not only causes the beam to drift but also results in focus and 
magnification variations due to potential buildup at the surface, essentially changing the effective landing voltage of 
the primary beam. Such effect to the beam is particularly worse at lower acceleration voltages which are usually 
chosen around 500-1000V for CD metrology. 
 
Various mitigation techniques can be used for SEM to compensate the charging effects, however, the effect 
cannot be completely eliminated. It is anticipated that the use of He ions for imaging will allow better charging 
compensations. This can be done with electrons as a neutralizer to the positive ions delivered to the mask. Such 
technique has been used for FIB with Ga ions. However, much higher stability is required for CD metrology tools 
employed in a production environment. In order for He ion microscope to be employed for the mask industry, it is 
necessary to demonstrate the capability of charging control to meet measurement precision requirements. 
 
4. Conclusion  
The initial assessment of the He ion novel imaging capabilities shows this technique is a viable alternative to 
electron beam and Ga+ microscopy and shows significant improvement in beam induced voltage contrast relative to 
electron beam induced current. Preliminary damage study data indicates that the impact of He+ GFIS on various 
substrates is very limited or near the sensitivity limit for the analytical and electrical analysis techniques used.  
Although these initial results are promising, further investigation is still warranted to fully understand the 
invasiveness and possible damage mechanisms that may limit areas of application for He+ GFIS microscopy, 
metrology, nano-machining and others. Follow up experiments are planned for analyzing the changes in 
semiconductor material properties and electrical timing impact in transistor device channels, as well as to explore 
additional possible use models for He+ IBIC voltage contrast and mask inspection applications. 
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